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mmWave Small Cells 
1 TEMPORAL AND SPATIAL COMBINING FOR 5G MMWAVE SMALL CELLS 
 
This chapter proposes the combination of temporal processing through Rake combining based on direct 
sequence-spread spectrum (DS-SS), and multiple antenna beamforming or antenna spatial diversity as a 
possible physical layer access technique for fifth generation (5G) small cell base stations (SBS) operating 
in the millimetre wave (mmWave) frequencies.  Unlike earlier works in the literature aimed at previous 
generation wireless, the use of the beamforming is presented as operating in the radio frequency (RF) 
domain, rather than the baseband domain, to minimise power expenditure as a more suitable method for 
5G small cells.  Some potential limitations associated with massive multiple input-multiple output 
(MIMO) for small cells are discussed relating to the likely limitation on available antennas and resultant 
beamwidth.  Rather than relying, solely, on expensive and potentially power hungry massive MIMO 
(which in the case of a SBS for indoor use will be limited by a physically small form factor) the use of 
a limited number of antennas, complimented with Rake combining, or antenna diversity is given 
consideration for short distance indoor communications for both the SBS) and user equipment (UE).  
The proposal’s aim is twofold: to solve eroded path loss due to the effective antenna aperture reduction 
and to satisfy sensitivity to blockages and multipath dispersion in indoor, small coverage area base 
stations.   Two candidate architectures are proposed. With higher data rates, more rigorous analysis of 
circuit power and its effect on energy efficiency (EE) is provided.  A detailed investigation is provided 
into the likely design and signal processing requirements.  Finally, the proposed architectures are 
compared to current fourth generation long term evolution (LTE) MIMO technologies for their 
anticipated power consumption and EE. 
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1.1 Introduction 
 
In line with current thinking that 5G is unlikely to be satisfied with a ‘one fits all’ single air interface or 
access technology approach [1], specific investigation of the physical layer targeted for indoor and 
densely deployed SBSs warrants analysis.   5G opens the door to a range of connected technologies that 
are not confined to conventional mobile broadband (MBB) but may be applicable to SBSs. Application 
areas falling under the new category of machine type communications (MTC) will set further 
requirements on the air interface technology.  Mission critical latencies, low energy, high reliability, high 
availability are new challenges in addition to high spectral efficiency and increased data rates for MBB 
[2].  High availability will require significant resilience to failure and with non-line of sight (NLOS) 
propagation being possible mmWave, combating the effects of multipath dispersion caused by reflection 
is important. Examples of recent air interface research for 5G consider the use of orthogonal frequency 
division multiplexing (OFDM) based techniques [3][4], the work presented here is in contrast to this and 
considers alternative approach based on DS-SS, specifically for the SBS. 
 
1.1.1 Conventional Massive MIMO 5G Architectures 
 
Massive MIMO or large scale antenna systems (LSAS) has been a research focus since the pivotal paper 
from Marzettta [5].   The premise is that the number of base station antennas N is much larger than the 
number of single antenna terminals, K [6].  In addition to combating eroded link margin due to reduced 
antenna aperture, the many antennas helps the multipath problem.  When the data rate increases the 
symbol duration decreases.  If the multipath delay spread is greater than the symbol length, complex 
equalization is required to combat the effects of inter-symbol interference (ISI).  To overcome this, beam 
steering/forming is suggested to minimise the spatial footprint of the channel resulting in a more 
favourable multipath profile thus constraining the ISI problem.  Antenna directivity is thus used to 
minimise the effects of ISI.  
 
Many researchers are optimistic that the gains provided by massive MIMO will facilitate simple receiver 
architectures through low complexity waveforms [7] e.g. quadrature phase shift keying (QPSK). Such 
receivers would comprise simple matched filters, not requiring expensive and complex signal processing 
in the form of equalization.    However, there are drawbacks.  As an example, the amount of channel 
estimation required to formulate appropriate beamforming weights, required for either RF or digital 
beamforming, will be significant and will impact complexity and power. For frequency division duplex 
systems (FDD) this will be particularly acute.  Furthermore, NLOS communication and channel blocking 
effects are a cause for concern.  Reliability of a system purely based on beamforming might be 
challenging since the coverage might be more sensitive to both time and space variations [1].   
Considering the spatial footprint or capture of an antenna system we refer to its beamwidth.  As is 
discussed in [8] for an antenna configuration with a half power beamwidth (HPBW) of 6.5°,  reliable 
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communication is difficult to establish even for LOS at 60GHz and the movement of people can easily 
block and attenuate such a narrowbeam signal.    
 
It is widely accepted that the use of mmWave for short indoor distances, is subject to multipath dispersion 
due to blockages [7][9].  In this case NLOS communication may be the only possible means to overcome 
such effects. Beamforming may be inadequate in this situation if the blockage causes a significantly 
large attenuation and dispersion of the transmitted signal that the multipath components appear outside 
of the main antenna beam. Here, re-acquisition, identification and further antenna steering or 
beamforming may be required to find any available multipath energy.   
 
Considering a uniform linear array (ULA) antenna array, an antenna array with uniform antenna spacing, 
the HPBW can be determined from: 
 
𝐻𝐵𝑃𝑊 = 2 [
𝜋
2
− 𝑐𝑜𝑠−1 (
1.39𝜆
𝜋𝑁𝛥
)] 
(1.1) 
 
where 𝛥 is the element spacing in wavelengths (𝜆). 
 
A highly directive beam pattern is illustrated in Figure 1.1 where the polar and directivity plots of a 256 
element ULA operating at 72GHz, element spacing of 0.4 cm are provided.    As can be seen a main lobe 
width at the HPBW point (-3dB) from the maximum of around 1-2˚ is given.  Considering an office or 
apartment indoor area of 10m x10m where the maximum distance between the transmitter and receiver 
is 14m ( (102. 102)1/2) a maximum round trip propagation delay of 93ns (2 . (dist/𝐶)) would exist.  
Delay spread beyond this would be expected to be between 1 and 35ns based on the findings in [10]-
[12] as shown in Table 1.1.  This would imply that multipath information may exist off the main direct 
path and outside the main beamwidth lobe for the 256 element ULA. 
 
 
Table 1.1 Indoor mmWave Delays Spread 
Freq TX-RX  
Distance (m) /Area type 
Delay Spread (ns) Antenna Type 
60GHz 9.2/Modern office 20 [11] Horn antenna 
60GHz 13.51x7.81/office  18.08 [12] Omni-directional 
60GHz 13.51 x 7.81 1.05 [12] Narrow beam 
73GHz 6-46 35 [10] Co-polarized  
(15˚ HPBW) 
73GHz 6-46 20 [10] Cross-polarized 
(15˚ HPBW) 
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1.1.2 Small Cell Problem 
 
To minimize the effects outlined, it is desirable to make use of all available multipath energy, including 
instantaneous multipath from blocking, and use it in a constructive way.   For the case of SBS, it is 
desirable to use a low number of antennas to minimise power expenditure.  This is indeed a constraint 
placed on the design not only from a power perspective but because the physical form factor limits the 
design to use less antenna elements.   Figure 1.2 - Figure 1.3 illustrate the radiation patterns more suitable 
for a SBS with fewer antenna elements.   The plots assume the free space propagation without scatters, 
noise or fading.  Figure 1.2 shows a 4 antenna ULA system operating at 28GHz with a 1cm element 
spacing.  Figure 1.3 shows a 12 antenna ULA system operating at 72GHz with a 0.4cm spacing.   
 
Much wider beamwidths are evident and the spatial profile of the antenna pattern will facilitate the 
capture of more multipath components as well as providing moderate amounts of beamforming gain 
suitable for small distances. The illustrations show HPBWs of 15˚ and 6˚ for 72 and 28GHz operation 
respectively. With the additional gain provided by the beamformer, the ISI problem still exists since the 
main lobe is sufficiently wide enough to reasonably expect multipath capture.   
 
 
(a)                                   (b) 
 
Figure 1.1 256 Element, 72GHz - (a) Polar Plot, (b) Directivity Plot 
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         (a)                                (b) 
Figure 1.2 Polar Plot, 4 Element, 28GHz - (a) Polar Plot, (b) Directivity Plot 
 
 
          (a)                                (b) 
 
Figure 1.3 Polar Plot, 12 Element, 72GHz - (a) Polar Plot, (b) Directivity Plot 
 
1.2 Small Cell Physical Layer – 2D Rake Combiner   
 
With the requirement to overcome eroded link margin but cater for likely multipath/NLOS 
communications in a low complexity and energy efficient manner an alternative architecture for the 
small cell is considered.   
 
The use of Rake combining related techniques such as DS-SS for mmWave has been the subject of 
research in the literature.  This has mainly been related to indoor and predominantly for 60GHz ultra 
wideband (UWB) home entertainment and multimedia systems [13]   Joint use of multiple antenna 
beamforming for improved link margin together with Rake combining to combat the effects of ISI, thus 
providing performance gains in two dimensions, are proposed and analysed.  A simplified architecture 
is proposed to satisfy the needs of the small cell.  Research as recent as June 2015 advocates the use of 
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Rake combining techniques for indoor 60GHz operation [14]. However, such systems, despite claiming 
simple and low complex solutions, do not fully quantify the extent of this in terms of circuit power and 
EE.  As part of the discussion presented here, a more quantifiable complexity and EE performance is 
given.  
 
1.2.1 Direct Sequence-Spread Spectrum Rake Combining and mmWave 
 
It is well known that in direct sequence-spread spectrum (DS-SS), information is transmitted using a 
wider bandwidth than necessary. Here data bits from the source b(t) are multiplied by a code signal c(t) 
at a faster rate known as the chip rate.  The process is referred to as spreading and the amount of spreading 
is determined by the spreading factor (SF).  At the receiver of such a system, the use of a Rake Receiver 
effectively performs the equalization task by combining the received signal with multiple, time delayed 
versions of it (the multipaths) separated by multiples of the chip period (Tc).  This allows the components 
of the original signal to be recovered with the time delays removed. Maximum ratio combining (MRC) 
of the delayed signals yields an optimal output which has a maximum possible signal to noise ratio given 
the input signals [15].  Optimal performance is expected because the increased bandwidth of the spread 
signal allows the receiver to resolve multipath energy which would otherwise appear combined with a 
single channel tap in other systems.  In this sense the spreading mechanism gives us the ability to find 
available energy and use it to our advantage.  In particular, considering the spread signals with chip time 
Tc inversely proportional to the spreading bandwidth; in this case, the individual paths can be 
distinguished if they are mutually separated by delays greater than Tc. The various delayed versions of 
the signal will be mutually nearly uncorrelated [14].  Since the mmWave frequency bands permit the use 
of high bandwidth spreading, the corresponding multipath resolution will be significant (sub-
nanosecond). This therefore increases the effective diversity order and much, if not all, available energy 
can be identified and used to increase the signal to noise ratio (SNR) of the signal. 
 
To summarize, in most receiver design multipath creates inter symbol interference that requires 
potentially complex equalization techniques.  In the case of DS-SS such multipath components can be 
used in a constructive way to improve the performance of the system by detecting and combining the 
main and delayed multipath components in a Rake Receiver.  In this case multipath actually provides 
additional improvements in the system performance and resilience to NLOS communications.  This 
therefore satisfies the requirement of using all available energy and addressing ISI in the likely 
transmission conditions of a 5G SBSs. 
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1.2.2 Spatial and Temporal Processing 
 
 
Antenna arrays at the SBS can be utilized to form spatial domain beam patterns for both the UL and DL. 
This maximises the desired users signal. DS-SS provides temporal diversity gain through multipath 
combining.  Thus, there are 2 dimensions, spatial and temporal, to increase the performance of the 
communications link in the proposed scheme.  In operation the received signal is first cross-correlated 
with a local copy of the spreading sequence (combined with a scrambling code) such that the chip 
positions corresponding to the time delays of the required user can be identified [16].    A Rake combiner 
is used to equalise the main and time delayed multipath components to maximise the signal to 
interference ratio (SIR) of the signal. The use of beamforming in baseband will result in excessive power 
consumption because of the use of analogue to digital converters (ADC) behind each antenna element.  
In the following discussion, the use of beamforming is performed in RF domain followed by correlation 
in baseband is therefore proposed. 
 
 
 
1.3 Transceiver Architectures 
 
Since each user, in a DS-SS system is transmitted and received simultaneously at the SBS, (and identified 
by their unique scrambling code), the use of RF beamforming is potentially limited to providing the same 
antenna pattern for each user.  In this case the beamforming gain can be used to sectorize a coverage 
area – see Figure 1.4.  For the UE, RF beamforming offers a mechanism to improve the link margin by 
increasing the effective antenna aperture of the receiver, as well as the facilitation of transmit 
beamforming gain.   
 
UE1
SBS
UE2
sector
 
Figure 1.4 DL sectored and UL beamforming at SBS and UE 
 
An alternative architecture, providing 360° coverage at the SBS, is to employ transmit and receive 
diversity techniques, rather than beamforming, illustrated in Figure 1.5, and provide user gain in the 
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form of diversity gain in the DL and UL.  Both BS and UE receive will employ digital antenna diversity 
with Rake combining. 
 
SBS
UE1
UE2
 
Figure 1.5 DL and UL antenna diversity at SBS for 360° coverage 
 
Two transceiver architectures are considered and shown in Figure 1.6 and Figure 1.7  - Architecture 1 & 
2.  Both use DS-SS, but the utilisation of the antenna system is different. Architecture 1 considers  
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Figure 1.6 Architecture - 1 
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Figure 1.7 Architecture - 2 
 
the use of an RF beamforming antenna array at the SBS and an antenna array providing beamforming in 
the RF domain at the UE.   Architecture 2, shown in Figure 1.7, improves the transmit performance and 
receive gain of the BS by employing transmit and receive diversity at the expense of additional 
ADC/DACs. Both architectures comprise identical spreading, scrambling, filtering, and necessary up 
conversion and amplification in the transmit path.  For Architecture 1, receive beamforming is provided 
across an N element array (N=2:4).  Following the beamformer, amplification, down-conversion and 
corresponding descrambling and despreading is provided.   Multipath search estimation is used to 
determine appropriate multipaths in the channel that are then combined in a Rake combiner.  The 
identification and acquisition of multipath components is required to exploit their energy and it is 
particularly important to determine the relative delays and when possible their amplitude and phase 
components.   
 
Identification of multipath elements in a transmission can be performed using the time domain correlator, 
implemented as a code matched filter (CMF), who’s taps are equivalent to a local and known spreading 
and scrambling code sequence multiplied by known pilot symbols (for channel estimation).  Assuming 
a single beamformed lobe, multipath search estimation complexity is determined by the number of 
expected multipaths or more precisely the timing uncertainty over which to search.  In a small cell this 
should be low since it is constrained by the physical coverage area.  A Rake combiner is used to combine 
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the multipath components identified by the correlator.   To summarise, the motivation and advantages 
of such a system are as follows: 
 
I. Spreading allows the identification of time delayed multipath components by correlating the 
transmitted signal with a local copy of the spreading code (which will likely be combined a 
scrambling sequence and known pilots).  In particular and with high bandwidth associated with 
mmWave spectrum, multipath resolution to sub-nanosecond accuracy is possible. 
II. Unlike other systems, the multipaths in DS-SS can be used to perform constructive combining 
at the receiver with a Rake combiner.  This therefore provides additional gain in the form of 
diversity gain and provides resistance to blocking and multipath dispersion.   
III. Assuming that the number of users is limited in the small cell, the DS-SS system, which is 
normally limited by the maximum number of users will be less affected by multiple access 
interference (MAI) and noise rise. 
IV. Large bandwidth exists in the mmWave bands to facilitate the additional spectrum needed by 
the spreading process. 
V. The spreading and scrambling processes can be considered as low complexity.  Arguably the 
most complex part is the time domain correlator but since its complexity is driven by delay 
spread this will be minimal in an indoor deployment where the distance will be small. 
VI. DS-SS with low order modulations such as QPSK will facilitate low peak to average power 
ratio (PAPR) compared to more complex modulation envelopes or multi-carrier systems (such 
as OFDM.  This will result in more efficient use of power amplifiers. 
VII. A small cell radius could enable the use of lower power ADC/DAC through lower dynamic 
range requirements. 
 
The disadvantage with such a scheme is the effective waste of bandwidth due to the spreading process 
i.e. for every symbol transmitted SF x system bandwidth is needed.    Additionally, due to the higher 
effective signal bandwidth the ADC and DAC components will be required to clock yet higher meaning 
greater power consumption.  In general it is preferred that the ADC has large spurious free dynamic 
range (SFDR) meaning large order ADC devices e.g. 12-bit [17].  However, to reduce power 
consumption the use of smaller dynamic range ADCs could be suitable for short distances.    Unlike 
OFDM systems, DS-SS is a single carrier system meaning it has a lower peak-to-average power ratio 
(PAPR).  Using low order modulation schemes such as binary phase shift keying (BPSK) or QPSK 
would allow the use of ADCs with a smaller dynamic range.   
 
1.3.1 Performance Aspects 
 
The link budget of a small cell based on the proposed 2D-Rake physical layer architecture 1 is shown in 
Table 1.2 and Table 1.3. Spreading factors of SF=4 and SF=8 are used.  Particularly for the SF=4, the 
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achievable data rates are comparable with those discussed in [18] which considers a single omni-
directional antenna but due to the spreading and multipath combining, should provide better mitigation 
to blocking and the effects of channel.  Table 1.2 and Table 1.3 show the achievable data rates when 
considering short distances between the transmitter and receiver.  The data rate achievable are significant 
with only a four antennas at the receiver and a single transmit antenna element.  
 
 
Table 1.2 2D-Rake Link Budget - SF4, 5 and 10m distance, 28 and 72GHz 
Small Cell Link 
Budget Case1 sf4 Case2 sf4 Case3 sf4 Case3 sf42 
Tx Power (dBm) 20 20 20 20 
Beamforming Gain 
(dBi) 12 12 12 12 
Carrier Frequency 
(GHz) 2.80E+10 2.80E+10 7.20E+10 7.20E+10 
Distance (m) 10 5 10 5 
Propagation Loss 
(dB) 81.39688885 75.37628893 89.60037815 83.57977824 
Spreading Factor 4 4 4 4 
Other Losses  6 6 6 6 
Received Power 
(dBm) 
-
55.39688885 -49.37628893 -63.60037815 -57.57977824 
Bandwidth (GHz) 2.00E+09 2.00E+09 2.00E+09 2.00E+09 
Thermal PSD 
(dBm/Hz)  -174 -174 -174 -174 
Noise figure 10 10 10 10 
Thermal Noise 
(dBm) -7.10E+01 -7.10E+01 -7.10E+01 -7.10E+01 
SNR (dB) 2.16E+01 2.76E+01 1.34E+01 1.94E+01 
Implementation 
Loss (dB) 3 3 3 3 
Data rate (bits/s) 3.10E+09 4.09E+09 1.79E+09 2.75E+09 
 
 
Table 1.3 2D-Rake Link Budget – SF8, 5 and 10m distance, 28 and 72GHz 
Small Cell Link 
Budget Case1 sf8 Case2 sf8 Case3 sf8 Case4 sf8 
Tx Power (dBm) 20 20 20 20 
Beamforming 
Gain (dBi) 12 12 12 12 
Carrier Frequency 
(GHz) 2.80E+10 2.80E+10 7.20E+10 7.20E+10 
Distance (m) 10 5 10 5 
Propagation Loss 
(dB) 81.39688885 75.37628893 89.60037815 83.57977824 
Spreading Factor 8 8 8 8 
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Other Losses  6 6 6 6 
Received Power 
(dBm) 
-
55.39688885 -49.37628893 -63.60037815 -57.57977824 
Bandwidth (GHz) 2.00E+09 2.00E+09 2.00E+09 2.00E+09 
Thermal PSD 
(dBm/Hz)  -174 -174 -174 -174 
Noise figure 10 10 10 10 
Thermal Noise 
(dBm) -7.10E+01 -7.10E+01 -7.10E+01 -7.10E+01 
SNR (dB) 2.46E+01 3.06E+01 1.64E+01 2.24E+01 
Implementation 
Loss (dB) 3 3 3 3 
Data rate (bits/s) 1.80E+09 2.30E+09 1.13E+09 1.62E+09 
 
1.3.2 Design and Complexity Aspects 
 
As simple physical layer is suggested using QPSK modulated DS-SS.  Using the 5G use case of sub-
millisecond latency [19], a 500μs slot timing is used as shown in Figure 1.8.  Each slot comprises data 
and pilot bits mapped to the real (I) and imaginary (Q) components of the signal respectively.  Pilot 
symbols are used for parameter estimation of multipath components and channel state information (CSI) 
for appropriate weighting and receive functions. 
 
Data
SF4, SF8
Pilot
SF256
500 microseconds
0 4321 0 4321
I
Q
 
Figure 1.8 Proposed Slot Format - DL and UL 
 
A maximum of 4 users can be served by the SBS when the SF=4, or 8 users when the SF=8.  Each user, 
u, is assigned a pseudo noise (PN) sequence of Nc chips defined as: 
 
𝑐𝑢[𝑛], 𝑛 = [0; 1:… . 𝑁𝑐 − 1] (1.2) 
 
𝑐𝑢[𝑛] is the nth chip where elements of 𝑐𝑢are +/- 1.  Assuming the system is sampled at the chip rate, 
transmission is represented as: 
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𝑥𝑢[𝑛] = 𝑠𝑢[𝑖]𝑐𝑢[𝑛{𝑚𝑜𝑑𝑁𝑐}] (1.3) 
 
where 𝑠𝑢[𝑖] is the ith information bearing signal, lasting for 𝑁𝑐 chips.  The signal in the presence of noise 
is received as: 
 
𝑟[𝑛] = ∑√𝑃𝑢 ∑ℎ𝑢[𝑛 − 𝜏𝑢,𝑙]
𝑙𝑢
𝑥𝑢[𝑛 − 𝜏𝑢 − 𝑙] + 𝜔[𝑛]  
(1.4) 
 
where ℎ𝑢[𝑛, 𝑙]=user u’s channel response. 𝜏𝑢 is the integer delay of user u and 𝜔[𝑛] is additive noise. 
 
1.3.2.1 Coherence Time 
 
The coherence time (𝑇𝑐𝑜ℎ =
𝐶
𝑓𝑐𝑣
=
1
𝑓𝑚
 ) tells us tells us the time that the channel remains constant due to 
the effects of Doppler (𝑓𝑚).  Assuming carrier frequencies (𝑓𝑐) of 28GHz and 72GHz with a maximum 
UE velocity (𝑣) in the small cell of 0.5km/h, coherence times of 77ms and 30ms respectively are given.  
This tells us that the channel will remain constant over the duration of many 500μs slot periods which 
will help to minimise the amount of CSI required.   
 
1.3.2.2 Channel Parameter Estimation –Proposed Algorithm 
 
Both proposed architectures will require estimation of CSI (channel estimation) and significantly 
estimation of the multipath delay components (multipath search estimation).  In both transmit and 
receive, data and pilot are separately BPSK modulated on the I and Q channel respectively, thus forming 
a QPSK constellation. Orthogonal variable spreading factor (OVSF) codes can be used on the pilot and 
data to maintain orthogonality.  Different users use different UL scrambling codes to create a unique 
traffic channel.  Neglecting mutual interference between the data and pilots, the signal received at the 
base station can be separated into I and Q channels.  The Q channel can be used to estimate the channel 
parameters.   
 
UL signals from the users are received by an N-element antenna array.  With perfect instantaneous power 
control, to ensure all users exhibit equal power, an equivalent complex baseband expression of the 
composite received vector X(t) at time t is given by: 
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𝑥(𝑡) = ∑ ∑𝛼𝑘,𝑙
𝑢
𝐿𝑘
𝑙=1
𝑒𝑗𝜙𝑘,𝑙 ∑ 𝑏𝑘(𝑛)𝑐𝑘(𝑡 − 𝑛𝑇𝑏 − 𝜏𝑘,𝑙)
∞
𝑛=−∞
𝐾
𝐾=1
𝑎𝑘⃗⃗⃗⃗ (𝜃𝑘,𝑙) + 𝐧(𝑡)
= ∑ ∑𝑎?̂?(𝜃𝑘,𝑙)
𝐿𝑘
𝑙=1
∑ 𝑏𝑘(𝑛)𝑐𝑘(𝑡 − 𝑛𝑇𝑏 − 𝜏𝑘,𝑙) + 
∞
𝑛=−∞
𝐾
𝐾=1
𝐧(𝑡) 
 
(1.5) 
where it is assumed that there are K users (one desired and K-1interfering users) the kth user has 𝐿𝑘 
propagation paths.  The parameters 𝛼𝑘,𝑙
𝑢 , 𝜃𝑘,𝑙, 𝜏𝑘,𝑙 and 𝜃𝑘,𝑙 are the UL amplitude, phase shift, time delay 
and angle of arrival of the lth multipath component respectively, from the kth user.  𝑏𝑘(𝑛) is the nth bit 
value, 𝑐𝑘(𝑡) is the spreading waveform assigned to the kth user, and 𝑇𝑏  is the  bit period.  Assuming 
Architecture 1, the column vector  𝑎𝑘(𝜃𝑘,𝑙) =  [1, 𝑎1(𝜃𝑘,𝑙), . . . , 𝑎𝑀−1(𝜃𝑘,𝑙)]
𝑇
 is the  array response vector 
corresponding to the path arriving on angle  𝜃𝑘,𝑙, where 𝑎𝑚(𝜃𝑘,𝑙) is a complex number  denoting the 
amplitude gain and phase shift of the signal  at the (n+1)th antenna relative to that at the first antenna 
𝑎𝑘⃗⃗⃗⃗ (𝜃𝑘,𝑙) = 𝛼𝑘,𝑙
𝑢 𝑒𝑗𝜙𝑘,𝑙𝑎𝑘⃗⃗⃗⃗ (𝜃𝑘,𝑙) is the channel vector and 𝐧(𝑡) is the additive white Gaussian noise vector.   
 
𝑃𝑟= ∑(𝛼𝑘,𝑙
𝑢 )
2
𝐿𝑘
𝑙=1
, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝐾 
(1.6) 
 
𝑃𝑟 , is the total received power from the kth user and is assumed to be constant for all because of perfect 
instantaneous power control. 
 
Following the beamformer, multipath search and estimation is performed.  Assuming that the first user 
is the desired user and code synchronization has been established, the output of the, CMF results in the 
power delay profile of the desired user 𝑘1) is given as [16]: 
 
𝐳1(𝜏) =  𝑇𝑏𝑏1(𝑛)  ∑𝑎?̂?(𝜃1,𝑙)𝛿(𝜏 − 𝜏1,𝑙) + s1(𝜏) + 𝐦1(𝜏) + 𝜂1(𝜏)
𝐿1
𝑙=1
 
(1.7) 
 
where s1is the self-interference signal vector due to other multipath components of the desired user,  𝐦1 
is the MAI vector, and 𝜂1is the thermal noise vector.  The output of the matched filter is used to 
distinguish the desired signal from the co-channel interference who’s time resolution is the chip interval 
or fraction of the chip interval 𝑇𝑐, depending on the oversampling factor. 
 
The complexity of the CMF, assuming a parallel search of all timing uncertainties are searched for within 
the period of a chip, which is the optimal solution, is determined by the maximum delay spread searched 
over in nanoseconds.  Assuming the delay spreads discussed in section Table 1.1 an average delay spread 
of 18ns can be expected for an indoor small cell. 
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Figure 1.9 Multipath Estimation 
 
Figure 1.8 shows that data is transferred in multiple slots where each slot comprises N pilot bits to aid 
channel and delay estimation and consider a slow fading channel.  The delay profile for each pilot is first 
obtained, under the assumption that a long scrambling code is used.  It is also noted that during a time 
slot period, the total phase change of the desired signal due to Doppler shift is small, if we assume a UE 
speed of 1km/h,  and the slot period of Tslot=500μs (θ= fd . 360˚. Tslot).  This enables the use of coherent 
accumulation of the pilot chips, to obtain the mean delay profile of the user.  With this approach, the 
mean delay profile, 𝑧1̅
 , is given by: 
 
𝑧1̅
 (𝜏) =
1
𝑁
∑ 𝑧1,𝑛(𝜏)
𝑁
𝑛=1
 
(1.8) 
 
where 𝑧1,𝑛(𝜏) is the CMF output of the nth pilot bit.  Coherent integration will be applied to the time 
bins corresponding to the delay times of the desired user’s multipath and will be accumulated N times 
[16].    In addition to coherent integration, and to further reduce the MAI a, non-coherent integration of 
the absolute value of the mean delay profile, 𝑧1̅
 , over the S timeslots is performed as follows: 
 
𝑧1̿(𝜏) =
1
𝑆
∑|𝑧1̅
 (𝜏)|
𝑆
𝑠=1
 
(1.9) 
1.3.2.3 Multipath Search Estimation - Complexity 
 
Determination of complexity can be broken down into two distinct timing acquisition functions: 
 
 UE timing acquisition 
 Multipath timing detection 
 
Both these functions are determined by cross correlating the incoming received chips, or fractions of 
chips, with a local copy of the spreading and scrambling code sequence.  The operations involve sign-
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bit complex correlations.  The number of these operations, so called hypotheses [14], is determined by 
the round trip delay between the transmitter and receiver and the delay spread.  These are therefore 
minimised in a small cell where the round trip delay is proportional to the cell size in the order of metres 
- 𝑑𝑟𝑡 = 𝑇𝑐𝐶/2, where 𝑑𝑟𝑡 is the round trip delay distance in metres corresponding to 𝑇𝑐, the chip 
duration. Multipath delay spread can be assumed to be an average of 18ns based on Table 1.1.  
Considering a chip rate frequency of 2Gcps, the round trip delay incurred by each chip would be 0.15m.  
With a maximum coverage of 10m, a timing search with timing uncertainty of 133.33 chips would be 
required.  Beyond this an additional 18ns of delay spread needs to be accounted for which results in a 
complex correlator of 169 taps (𝑇d = 84𝑛𝑠). 
 
The timing acquisition process involves testing all likely hypotheses. Traditionally, in large cell coverage 
areas, resource limitations meant that the hypotheses testing would be performed in a serial manner 
where each incorrect hypothesis is eliminated before the next one is tested [14].   Performing the 
operation in a parallel fashion increases the complexity meaning that for every chip, or fraction of a chip, 
received all possible timing uncertainties could be tested at once  i.e. for the timing uncertainty above, 
169 complex correlation operations would be made in 1 chip duration, Tc=0.5ns.  The UE speed will 
also have an impact on how the timing acquisition is performed.  Considering a UE in a small cell with 
a maximum velocity of 1km/h, a maximum movement per chip period, Tc, would be in the order of 
13.5nm (13.5nm/chip) meaning an equivalent chip fraction of (TcC/13.5e-9) ~=11.1e6 times smaller.  In 
other words it would take 0.0055s for the timing uncertainty to move by 1 chip.  A minimum search 
update frequency of 180Hz would therefore be required. 
 
 
 
1.4 Energy Efficiency of the Proposed Architectures 
 
At face value, the 2D rake system appears low in complexity in terms of baseband operations.  For 
example the spreading and scrambling operations include single bit modulo-2 add operations, as shown 
in Figure 1.10. 
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Figure 1.10 Spreading and Scrambling Operations 
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With the expected Gbits/s data rates anticipated for 5G systems, the circuit power 𝑃𝑐 will play an 
increasingly important role in determining the energy efficiency of applicable architectures.  As the 
bandwidth increases, so does the internal clocking of digital signal processor and associated digital and 
analogue hardware, leading to an increase in power usage.  It is therefore prudent to rigorously consider 
circuit power consumed by signal processing. 
 
The non-RF internal power, Pc, is expended on the antenna array critical computations and on all other 
operations such as analogue electronics and A/D and D/A conversions and is given as [21]: 
 
𝑃𝑐 =
2𝑅𝑓𝑙𝑜𝑝𝑠
𝑎
+ 𝑀𝑏 
(1.10) 
 
where 𝑅𝑓𝑙𝑜𝑝𝑠, is the total computational rate in floating point operations per second (FLOPS) required 
by the critical computations, 𝑎 is the power efficiency of computing measured in flops/watt given as 
12.8 GFLOPS/W [21].  The factor of two for 𝑅𝑓𝑙𝑜𝑝𝑠 is intended to account for power required for 
read/write operations.  M is the number of antennas and b is the internal non-RF power consumption 
associated with each antenna.  Since there is uncertainty as to how much internal power is used a wide 
range of values of b can used. b (in mW) = 32, 64, 128, 256, 512, 1024, 2048, 4096.    
 
For both architecture 1 & 2, it can be assumed that the critical computations will be the spreading and 
scrambling in the DL.  Whereas in the UL, descrambling, despreading and complex correlation 
operations (for multipath timing acquisition) will dominate. As in OFDM, the 2D-Rake will be 
dominated by the number of complex multiplications.  However, in practice many of these will include 
single bit multiplicands, for example modulo-2 additions for spreading. Assuming all operations are 
treated as full word size complex multiplies, an equivalent DL complexity for the 2D-Rake slot, per SBS 
j, can be given as: 
 
𝑅flops,𝑗,𝐷𝐿 = 𝑀𝑗 [𝐾𝐽
𝑇slot
𝑇c
] 
(1.11) 
 
and for the UL: 
𝑅flops,𝑗,𝑈𝐿 = 𝑀𝑗 [𝐾𝐽 (
𝑇slot
𝑇c
+
𝑇p
𝑇c
𝑇d
𝑇c
)] 
(1.12) 
 
where the UL operations are a combination of despreading together with timing uncertainty search 
functions associated with the multipath estimation process shown in Figure 1.9.  Equation (1.12) assumes 
the use of a optimul implementation using a parrallel CMF. 
 
Table 1.4 2D-Rake Operating Parameters 
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𝐾𝐽: Users simultaneously served per SBS 4, 8 
𝑀𝐽: No. of antennas per SBS 2, 4 
𝑇slot: Slot length 500μs 
𝑇c:  Chip Interval 0.5ns 
𝑇P: Pilot Interval 500μs 
𝑇d= Timing uncertainty,  
(dependent on the cell size and delay spread) 
84ns 
 
As was discussed in section 1.3.2.3, the rate at which the multipath detection is performed does not need 
to be continual.  To provide the appropriate power consumed in 1 second, equation (1.12) can be 
extended to include a specified search rate 𝑅𝑠 in Hz. 
 
𝑅flops,𝑗,𝑈𝐿 = 𝑀𝑗 [𝐾𝐽 ((
𝑇slot
𝑇c
) 1/𝑇slot + (
𝑇p
𝑇c
𝑇d
𝑇c
)𝑅𝑠)] 
(1.13) 
 
Referring to the relationship between SE and EE expression (1.14) 
 
𝜂𝐸𝐸 =
𝑊𝜂𝑆𝐸
𝑃𝑐 + 𝑁0𝑊(2𝜂𝑆𝐸 − 1)/𝜌
 
(1.14) 
 
the impact of the circuit complexity can be determined.  Figure 1.11 shows the SE-EE trade-off as a 
function of the search rate for both UL and DL processing of the SBS (Architecture 1).   As previously 
indicated, and due to the relative slow movement of the indoor users, the multipath estimation process 
does not require continual updates.  The graph shows dramatic increases in EE when the rate is reduced 
to 180Hz or 50Hz where a significant resultant lower power is achieved - (Architecture 1, BW=1GHz, 
b=32mW, a=12.8GFLOPS/W, PA efficiency=25%, number of users=4, number of baseband paths=1). 
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Figure 1.11 2D-Rake SE/EE trade-off as a function of Search Rate -   Architecture 1 
 
An equivalent graph for Architecture 2 is shown in Figure 1.12 and assumes the use of transmit diversity 
in the DL and receive diversity in the UL.  In this case the baseband complexity is doubled as is the 
internal, non-RF generating circuitry power, b. (Architecture 2, BW=1GHz, b=32mW, 
a=12.8GFLOPS/W, PA efficiency=25%, number of users=4, number of baseband paths=2). 
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Figure 1.12 2D-Rake SE/EE trade-off as a function of Search Rate -   Architecture 2 
 
1.4.1 Comparison with 4G 
 
To determine the suitability of the of the 2D-Rake architectures for their power and energy efficiency, it 
is useful to make comparisons with current fourth generation base stations, based on the LTE standard 
which comprises OFDM techniques on the DL and UL at the BS.  With reference to the material 
presented in [20], appropriate transmit and received baseband operations and power can be determined 
for an LTE based femtocell base station (FBS).  The authors assume a 40GOPS/W as the reference figure 
to determine the power (P) used.  This is based on both the base station type and the underlying silicon 
feature size/geometry which was 65nm in 2010.  The figure is scaled up 3 times for the FBS based on 
the assumption that more power efficient dedicated hardware would be used. An illustrative LTE block 
diagram is given in Figure 1.13 which shows the main baseband components.  In addition, a halving of 
total dynamic power is attributed to a change from 65nm to 45nm complementary metal oxide 
semiconductor (CMOS) technology. 
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Figure 1.13 LTE SBS Main Baseband Processing Components 
 
Total power consumed by the BS station comprises digital baseband (BB), RF (analogue), power 
amplifier and overhead (power systems and cooling)[20]: 
 
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃BB + 𝑃RF + 𝑃PA + 𝑃overhead  (1.15) 
 
For the purposes of indoor SBSs the power associated with cooling can be ignored. In addition, the 
generation of power e.g. AC-DC and DC-DC conversion is omitted from this analysis to be comparative 
with the 2D-Rake analysis presented earlier. 
 
Using appropriate power and scaling tables given in [20], based on the following expression (1.16) the 
power consumed for a desired set of key baseband sub-components can be determined, namely: filter: 
up/down sampling and filtering, OFDM: FFT and OFDM-specific processing, Frequency domain (FD) 
processing, mapping, MIMO equalization, forward error correction (FEC). 
 
𝑃total = ∑ 𝑃𝑖,ref
𝑖∈𝐼𝐵𝐵
∏(
𝑥𝑎𝑐𝑡
𝑥𝑟𝑒𝑓
)
𝑠𝑖,𝑥
+
𝑥∈𝑋
 
∑ 𝑃𝑖,ref
𝑖∈𝐼𝑅𝐹
∏(
𝑥𝑎𝑐𝑡
𝑥𝑟𝑒𝑓
)
𝑠𝑖,𝑥
+
𝑥∈𝑋
 
𝑃PA + 𝑃Overhead 
 
(1.16) 
Considering the complexity of  an LTE SBS:  Assuming the power of the frequency domain linear 
processing of a 20MHz, 4x4MIMO, 16-QAM, coding rate 1, with a 100% of time-domain duty cycle 
and a 100% frequency occupation, the power can be computed from (1.15) as: 
 
𝑃FD.lin = 𝑃FD.lin,ref (
𝐵𝑊act
𝐵𝑊ref
)
𝑠1
(
𝑀act
𝑀ref
)
𝑠2
(
𝑅act
𝑅ref
)
𝑠3
 
(
𝐴𝑛𝑡act
𝐴𝑛𝑡ref
)
𝑠4
(
𝑑𝑡act
𝑑𝑡ref
)
𝑠5
(
𝑑𝑓act
𝑑𝑓ref
)
𝑠6
 
(1.17) 
 
where 𝑛act and 𝑛ref referred to the actual system component under scrutiny and the reference system  
(20MHz, single antenna, 64-QAM, coding rate 1, 100% time domain and frequency domain duty 
  Temporal and Spatial Combining for 
5G Millimetre Wave Small Cells 
 
 
cycling) respectively.   s is the scaling vector (1 or 0).  Where BW in the bandwidth, M is the modulation 
index, R is the FEC coding rate, Ant is the number of antennas, dt is the time-domain duty cycling and 
df is the frequency domain duty cycling. 
 
Using the power required for DL linear processing (𝑃FD.lin,ref =0.166W, with 120GOPS/W in 65nm 
technology), and assuming that the FBS/SBS employs highly efficient integration of signal processing 
with power efficient dedicated hardware, we have the following power estimation (1.18).  This assumes 
a 10MHz bandwidth, 64-QAM, 4 antennas, 100% time and frequency domain duty cycling and an FEC 
code rate of 1. 
  
= 0.167W x (
10
20
)
1
(
6
6
)
0
(
1
1
)
0
 
(
4
1
)
1
(
100
100
)
1
(
100
100
)
1
 
= 0.334W 
(1.18) 
 
Completing the analysis of the LTE SBS baseband based on the approach above, using (1.17) gives 
approximated total power attributed to the baseband as per Table 1.5. 
 
Table 1.5 Baseband Power – LTE SBS (10MHz, 64QAM, 4 antennas, ½ rate Turbo) 
UL/DL Ref (GOPS) Power (W), 65nm, 2010 Power (W), 45nm,2010 
UL    
Filter (inc D/C) 150 2.5 1.25 
OFDM 60 1 0.5 
FD Lin 30 0.5 0.25 
FD non-lin 10 0.167 0.083 
FEC 110 1.833 0.917 
DL    
Filter 100 1.667 0.833 
OFDM 60 1 0.5 
FD lin 20 0.333 0.167 
FD non-lin 5 0.333 0.167 
FEC 20 0.333 0.167 
Total Power (W)  9.667 4.833 
 
 
Factoring in the transceiver into (1.10) and considering a range of values for b to be between 32 -
4096mw, increases the overall power as Table 1.6.  The Energy Consumption Ratio ECR (1.19) is given 
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based on a theoretical bitrate of 480Mbits/s where 𝐸 is the energy required to deliver 𝑀 bits of 
information over time 𝑇, and 𝐷 = 𝑀 𝑇⁄  is the data rate in bits per second.   
 
𝐸𝐶𝑅 =  
𝐸
𝑀
=
𝑃𝑇
𝑀
=
𝑃
𝐷
 [𝐽 𝑏𝑖𝑡⁄ ] 
(1.19) 
 
 
 
Table 1.6 Total Power – LTE (10MHz, 64QAM, 4 antennas, ½ rate) Turbo) 
Transceiver 
power, b, (mw) 
Total Power 
(W), 65nm, 
2010 
ECR 
J/bit 
Total Power 
(W), 45nm, 
2012 
ECR 
J/bit 
32 9.795 2.04E-8 4.961 1.03E-8 
64 9.923 2.07E-8 5.089 1.06E-8 
128 10.179 2.12E-8 5.345 1.11E-8 
256 10.691 2.23E-8 5.857 1.22E-8 
512 11.715 2.44E-8 6.881 1.43E-8 
1024 13.763 2.87E-8 8.929 1.86E-8 
2048 17.859 3.72E-8 13.025 2.71E-8 
4096 26.051 5.42E-8 21.217 4.42E-8 
1.4.1.1 2D-Rake 
 
The 2D-rake power calculated above, considered a power efficiency of the 12.8GFLOPS/W. In order to 
make a comparison with the LTE system, the power efficiency of 120 and 240GOPS/W should be used.  
Based on this, the results are shown in Table 1.7 and Table 1.8 for both Architecture 1 and Architecture 
2.  ECR is provided based on the link budget shown in Table 1.2 and assumes a 10m cell at 28GHz.   The 
use of state of the art mmWave ADC/DAC components, [22][23] (which include the necessary up and 
down conversion) are included in the total power.  A search rate of 180Hz is assumed. 
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Table 1.7 Baseband and Transceiver Power – Architecture 1 
Transceiver power, 
b, (mw) 
Arch 1 power 
(W), 65nm, 2010 
ECR 
J/bit 
Arch 1 power 
 (W), 45nm, 2012 
ECR 
J/bit 
32 4.70 1.51E-9 4.38 1.41E-9 
64 4.77 1.54E-9 4.45 1.43E-9 
128 4.89 1.57E-9 4.57 1.47E-9 
256 5.15 1.66E-9 4.83 1.56E-9 
512 5.66 1.82E-9 5.34 1.72E-9 
1024 6.69 2.16E-9 6.37 2.05E-9 
2048 8.73 6.71E-9 8.41 2.71E-9 
4096 12.83 4.13E-9 12.51 4.03E-9 
 
Table 1.8 Baseband and Transceiver Power – Architecture 2 
Transceiver power, 
b, (mw) 
Arch 2 power 
(W), 65nm, 2010 
ECR 
J/bit 
Arch 2 power 
 (W), 45nm, 2012 
ECR 
J/bit 
32 9.34 3.01E-9 8.7 2.80E-9 
64 9.4 3.03E-9 8.77 2.33E-9 
128 9.53 3.07E-9 8.89 2.87E-9 
256 9.79 3.15E-9 9.15 2.95E-9 
512 10.3 3.32E-9 9.66 3.12E-9 
1024 11.32 3.65E-9 10.69 3.45E-9 
2048 13.37 4.31E-9 12.73 4.11E-9 
4096 17.47 5.63E-9 16.83 5.43E-9 
 
1.4.1.2 SE-EE Tradeoff 4G vs. 5G 
 
Based on the overall circuit power consumption calculated above for the LTE FBS, 2D-Rake architecture 
1 and 2D-Rake architecture 2, the SE-EE tradeoff is shown in Figure 1.14.  Circuit powers assume worst 
case transceiver power for all architectures. 
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Figure 1.14 4G LTE vs. Proposed 5G Architectures 
 
Based on these results, both 2-D Rake architectures are shown to provide superior performance and 
improve the energy consumption. Significantly, EE-SE tradeoff is shown to improve by an order of 
magnitude.  The complexity analysis of the 2D-Rake architectures concentrated heavily on the baseband, 
however realistic ADC and DAC powers were included in the analysis.  The use of RF beamforming 
means that the only a single ADC and DAC are used in the implementation. 
 
 
 
1.5 Conclusions 
 
This chapter has analysed the possible air interface approaches suitable for indoor small cell use.  With 
energy efficiency being critical, the use of multiple antenna beamforming may be limited to a small 
number of antennas resulting in a wider beamwidth and therefore subject to multipath and ISI.  To exploit 
this, the use of direct sequence spread spectrum using a Rake combiner is analysed.    The Rake combiner 
used in conjunction with a moderate number of beamforming antennas is shown to give good theoretical 
performance as well as providing gain from the multipath.  The Rake combiner therefore acts as the 
equaliser. Two architectures are presented:  one using a single chain RF beamformer and one using 
transmit and receive diversity.  The complexity of the solutions was analysed in detail to provide an 
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anticipated power usage based on the physical layer signal processing operation.  The impact of 
multipath search resolution was shown to adversely impact power consumption, but based on an analysis 
of the search rate required in the small cell, dramatic reductions in total power were shown.  Finally, the 
solutions were compared to that of present day 4G LTE technology for their power usage and energy 
efficiency.  Results showed improved Energy Consumption Ratio for the two candidate architectures 
and provided a SE-EE tradeoff significantly better than a current generation 4G FBS by an order of 
magnitude. 
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